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Mineral and bone disorder and vascular calcification in
patients with chronic kidney disease

ABSTRACT

Vascular calcifications has been associ-
ated with bone and mineral disorders. The
alterations in the serum level of calcium
concentrations and phosphate are impor-
tants factors implicated in the arterial cal-
cification in chronic kidney disease. The
pathogenesis of vascular calcification is a
complex mechanism and not completely
clear, being able to correspond to an ac-
tive process of cellular transformation and
heterotopic ossification. Beyond the hy-
percalcemia and hyperphosphatemia, they
are involved in this process changes in the
metabolism of inhibitors and promoters of
calcification such as fetuin A, osteopontin,
osteoprotegerin, and matrix gla protein.
For the diagnosis of the calcified arterial
injury are available several complemen-
tary methods, a method of estimate of the
cardiovascular risk based on plain radio-
graphs of the lumbar column and another
method based on simple x-rays of the pel-
vis and hands. Below, we will present a re-
view approching the link between vascular
calcifications and mineral disorders.
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INITIAL REMARKS

Increasing evidence has suggested that bo-
ne metabolism disorders (BMD) in chro-
nic kidney disease (CKD) are associated
with cardiovascular calcification, which
is a major cause of death; however, the
mechanisms of such association are not
completely known.! High serum concen-
trations of calcium and phosphorus are
considered to be major contributors to
arterial calcification.? In bone remode-
ling disorders, such as increased calcium

and phosphorus absorption from the bo-
ne tissue into the blood stream; or in low
remodeling - in which the bone loses the
ability to buffer these minerals and not in-
corporating them into its tissue - leading
to a serum overload, which favors extra-
osseous calcifications, including vascular
calcification (VC).>*

CKD patients are 20 times more likely
to die from cardiovascular causes when
progressing to stage five - a stage in which
the patient is about to start or already is
in renal replacement therapy.” Go et al.®
found, in a nonlinear relationship, an
increased risk of death, cardiovascular
events and hospitalization when the
glomerular filtration rate (GFR) was
lower than 60 ml/min/1.73 m?, being even
higher at GFR lower than 45 ml/min/1.73
m?2. Patients in stages 4 and 5, without
dialysis, have mortality rates of 11.4% to
14.1% per year.

Coronary artery calcification (CAC) is
more prevalent and more severe in CKD
patients than in the general population.
More than 50% of CKD patients not on
dialysis treatment and 70% to 90% of pa-
tients on dialysis have significant CAC.”

PATHOPHYSIOLOGY OF VASCULAR CALCI-
FICATION

There are two VC patterns: atherosclero-
sis and arteriosclerosis. Atherosclerosis
occurs in the intima layer of the artery
and is associated with inflammation, the
development of atheromatous plaque, re-
sulting in an occlusive lesion. It is loca-
lized and the vessel areas adjacent to the
plaque remain normal. In turn, arterios-
clerosis involves the tunica media layer



of the artery and is characterized by the diffuse de-
position of mineral throughout the vessel. It may be
considered a physiological phenomenon of aging. Its
effects are dilation, diffuse thickening and hardening
of the vessel, causing hemodynamic changes such as
isolated increase in systolic pressure and/or diastolic
pressure reduction, thus increasing pulse pressure.®’
The tunica media layer involvement has been classi-
cally described as Monckerberg calcification, and it is
the most common pattern in CKD.”

VC starts with matrix vesicles, similarly to what
physiologically happens to the skeletal tissue, also de-
tected in smooth muscle cells.!” They are apparently
made by the degradation products originated from
autophagic cytoplasmic vacuoles. Hydroxyapatite
crystals are generated inside these rupturing vesicles,
exposing its contents to the extracellular medium.!!

The risk factors for VC are divided into traditio-
nal: involving advanced age, hypertension, diabetes,
smoking, dyslipidemia, and others; and the non-tradi-
tional ones: including inflammation, oxidative stress
and mineral and bone disorders (MBD) of CKD,
among other factors.’

VASCULAR CALCIFICATION PATHOPHYSIOLOGY IN
THE BONE AND MINERAL DISORDER OF CHRONIC
KIDNEY DISEASE

VC pathogenesis in CKD is complex and instead of
happening through a simple precipitation of calcium
and phosphate in the vessel wall due to hypersatura-
tion of these ions, it is the result of an active process
of transformation of smooth muscle cells into osteo-
blast-like cells.” Smooth muscle cells and osteoblasts
share a common stem cell.'> Structures identical to
bone tissue, occasionally found in atherosclerotic le-
sions, suggest that the VC is an actively regulated pro-
cess in which the vascular cell acquires osteoblast-like
cell functions, secreting osteoid matrix.”!3 In other
words, this VC pattern equals that of a heterotropic
ossification.'

The presence of osteoclast differentiation factors
(RANK/RANKL system) and precursors in calcified
plaques suggests osteoclastic activity on the arterial
wall. The coexistence of osteoblasts and osteoclasts
reinforces the hypothesis that the calcification process
is similar to that occurring in bone tissue. The imba-
lance in this process, such as increased differentiation
into osteoblast and decreased osteoclast differen-
tiation, may lead to calcification, but the exact role
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played by the reduction in osteoclast differentiation
remains to be investigated.'

FACTORS INVOLVED IN VASCULAR CALCIFICATION
OF BONE MINERAL DISORDERS

There are several factors involved in the relationship
between BMD and VC. The most significant among
them are bone remodeling abnormalities, changes in
serum levels of minerals and the very treatment for
BMD.!¢ CKD patients have their homeostasis severely
compromised, leading to adaptive changes in serum
calcium, phosphorus, alkaline phosphatase, PTH,
vitamin D, and fibroblast growth factor 23 (FGF23)."”
Among these, hyperphosphatemia and hypercalcemia
may be the most important in VC pathogenesis.’

HYPERPHOSPHATEMIA AND VASCULAR CALCIFICATION

Several studies have associated hyperphosphatemia
with VC and vascular disease.! Serum phosphate
levels may directly induce vascular injury, or
indirectly stimulate the osteoblastic differentiation
of muscle cells from the arterial tunica media
layer.? Kambay et al.,’ in a systematic review of
studies published between 1985 and 2008, found
a gradual and independent association between
serum phosphate concentration and cardiovascular
events, mortality and CKD progression, defining
phosphorus as a true vascular toxin. However, they
did not find the same association in relation to
calcium. Jono et al.* investigated human vascular
smooth muscle cells in culture, obtained from fetal
autopsy or from heart transplants, and found higher
calcium deposition in cells exposed to phosphorus in
a dose-and-time-dependent relationship, mediated by
sodium and phosphorus co-transport.

HYPERCALCEMIA AND VASCULAR CALCIFICATION

Regarding calcium, Yang et al.’ studied human smooth
muscle cells in culture, obtained from autopsy, and
concluded that when these cells were exposed to cal-
cium concentrations equivalent to hypercalcemia and
phosphorus concentrations equivalent to normophos-
phatemia, there was increased mineralization. When
this exposure was associated with high concentrations
of phosphorus, there was an increase in speed and in
the extent of mineralization. The same study reported
a reduction in mineralization by exposure to phos-
phonoformic acid, an inhibitor of sodium and phos-
phate cotransport, suggesting that the mineralization
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caused by hypercalcemia happens through this type
of cell transport, in the same way as with phosphate.

Secondary hyperparathyroidism (SHP), because of
its high rate of bone remodeling, causes high calcium
uptake in cases of hypercalcemia, through deposition
in the newly formed non-mineralized bone. However,
this ability can be overcome when osteoblast activity is
reduced by vitamin D or other toxic effects of uremia,
resulting in an imbalance between bone formation
and resorption. In low turnover disorders, the
inability to incorporate excess calcium by this same
mechanism results in further hypercalcemia, favoring
the development of extraosseous calcifications.®

CONSEQUENCES OF TREATING BONE AND MINERAL
METABOLISM DISORDERS

For the treatment of BMD in the development of VC,
we use calcium-based phosphate scavengers and vita-
min D supplementation. Phosphate scavengers used
to fight the deleterious hyperphosphatemia, when
calcium based they provide even more of the latter
mineral and can cause hypercalcemia.” Vitamin D re-
ceptors are present in vascular smooth muscle cells
and, in vitro studies have shown that supraphysiolo-
gical doses of this vitamin induced mineralization of
these cells.® Moreover, Vitamin D analogues for the
treatment of SHP may cause an exaggerated PHT
suppression with a consequent gradual change in the
BMD pattern for an adynamic disease of reduced
bone remodeling, which has implications on the cal-
cium, phosphorus, and calcification of soft tissues.”!

CALCIFICATION PROMOTERS AND INHIBITORS

Substances involved in the regulation of bone forma-
tion are also involved in the process of VC in BMD
and CKD, acting as physiological promoters and
inhibitors of soft tissue calcification. Phosphorus is
the most significant and studied VC promoter and,
moreover, bone morphogenetic proteins (BMPs) and
some transcription factors have also been described
as VC promoters. Fetuin A, osteopontin, osteoprote-
gerin, and matrix GLA protein (MGP) are physiologi-
cal substances able to inhibit soft tissue calcification,
which explains why there is no spontaneous minerali-
zation even in tissues exposed to fluids supersaturated
with calcium and phosphate.!!?

Osteopontin is a bone matrix protein with physio-
logical inhibitory action on calcification. It is a phos-
phorylated acid glycoprotein that was first discovered
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in bone. It is not found in most normal tissues; none-
theless, it is abundant at sites of ectopic calcification
as CKD VC. The mechanism by which mineralization
is inhibited is not entirely clear, but it is likely to be
by inhibition of physical deposition and buildup of
hydroxyapatite.!3'

Although physiologically it is an inhibitor of cal-
cification, high levels of osteopontin are associated
with cardiovascular risk, especially in CKD patients.
Lorenzen et al.'’ were the first to describe the associa-
tion of circulating plasma levels of osteopontin with
renal function in an inverse correlation with GFR,
suggesting that this increase is partially due to a redu-
ced renal excretion caused by renal failure. High plas-
ma concentrations of osteopontin are also associated
with hyperphosphatemia and high calcium-phosphate
binding, underscoring its association with VC develop-
ment.® Giachelli et al.,'¢ in a study with rats comparing
groups with and without arterial injury, considered os-
teopontin as a new component of human atherosclero-
sis, especially when associated with calcium deposition.

Osteoprotegerin, a glycoprotein member of the
tumor necrosis factor superfamily, inhibits osteoclast
maturation, protecting bone tissue from the resorp-
tive activity of these cells.”” Along with the MGP
and fetuin A, it is an important VC inhibitor. Bucay
et al.,'® evaluating mice with artificially-caused gene-
tic deficiency of osteoprotegerin, found a reduction in
bone density characterized by severe osteoporosis and
high incidence of fractures, as well as calcification of
the aorta and renal arteries.

Paradoxically, Moe et al.” found high levels of os-
teoprotegerin associated with increased coronary and
aortic calcification in assessing a group of 30 hemo-
dialysis patients and a group of 38 patients under-
going renal transplantation. They explained that the
reason for the association between high levels of os-
teoprotegerin and increased VC would be the prima-
ry effect of osteoprotegerin on bone turnover. When
osteoprotegerin is high, there is low bone turnover,
caused by inhibition of osteoclastic activity, redu-
cing bone ability to uptake calcium and phosphate,
leading to ectopic and vascular calcifications.

Kazama er al.,** compared patients with healthy
kidneys, patients in pre-dialysis and those in chro-
nic hemodialysis for more than five years and found
elevated serum osteoprotegerin in the dialysis group.
They suggested that the increased levels of osteopro-
tegerin was due to reduced renal clearance caused by



kidney failure, corroborating these results with the
study from Sato et al., in which there was a regression
occurred in osteoprotegerin serum levels two weeks
after transplantation. As another possible explana-
tion for the osteoprotegerin elevation in CKD, these
same authors considered the increase in its produc-
tion being stimulated by SHP.

Inducers of smooth muscle cell differentiation into
osteoblast-like cells (including inorganic phosphate)
seem to act through the transcription factors core bin-
ding factor 1 (Cbfal), a transcription factor expressed
by mesenchymal precursor cells in the bone marrow.
This process can be enhanced by reducing calcifica-
tion inhibitors such as fetuin A, MGP, osteopontin
and osteoprotegerin.?!

The Cbfal is one of the keys regulating the diffe-
rentiation of osteoblasts and the production of bone
matrix components such as collagen type I, osteocal-
cin and osteopontin, making up a pro-mineralization

1.2 studied mice with induced

matrix.*** Komori et a
genetic deficiency of Cbfal, and found complete blo-
ckage in the skeletal ossification of these specimens
that died soon after birth, without even having bre-
athed, due to the fragility of their non-ossified ribs.

Jono et al.* speculated that increasing the phospho-
rus within the smooth muscle cells increases Cbfal
expression. Moe et al.?* suggested that other toxins,
yet unknown, and hyperphosphatemia, are connected
to the up-regulation of Cbfal, with subsequent incre-
ased expression of bone matrix in the vascular tissue,
resulting in calcification in dialysis patients.

MGP is a matrix protein that inhibits the extra-
cellular matrix mineralization. It is produced by
smooth muscle cells and chondrocytes, two cell types
which produce non-calcified extracellular matrix.
Luo et al.** observed that MGP-deficient mice had ex-
tensive calcification of the aorta and its branches, as
well as inadequate calcification in growing cartilage.
These specimens had early death due to hemorrhage
caused by rupture of the thoracic aorta. They then
considered MGP as the first inhibitor of calcification
of arteries and cartilage in vivo.

The MGP exerts its effect directly inhibiting the
formation of calcium crystals, together with other
inhibitors of calcification, such as fetuin A or, indi-
rectly, influencing the transcription of other factors
that inhibit the differentiation of vascular cells into
osteoblast-like cells, in a vitamin K-mediated carbo-
xylation process.**

BMD and vascular calcification

Parker et al.,”’ evaluated 842 patients with RF
ranging from normal to moderate CKD, and found
an association between decreased RF and low serum
levels of non-carboxylated MGP (the precursor of
active MGP). They submitted that the causes of this
association were: vitamin D deficiency, reduced MGP
precursor production, and reduction of RF leading
directly to the VC that when abundant would redu-
ce non-carboxylated MGP levels because of its high
affinity for the hydroxyapatite deposited within the
vessels in a consumption mechanism.

Fetuin A was originally described as the largest
fetal and neonatal globulin in calves. The human ho-
mologue, alpha 2-Heremans-Schmid glycoprotein or
fetuin-A temporarily inhibits the formation and preci-
pitation of hydroxyapatite, being able to inhibit unde-
sirable VC without inhibiting bone mineralization.?

Ketteler et al.*” found reduced serum levels of fe-
tuin A in patients on dialysis. They submitted that
this reduction was due to a state of chronic microin-
flammation found in CKD, indicated by increased
C-reactive protein in patients undergoing dialysis,
since fetuin is negatively regulated by inflammation.
Schafer er al.?¢ found severe calcifications in various
organs of rats with fetuin A genetic deficiency, when
compared to the control group.

In CKD patients, FGF23 levels rise up as RF
declines. In a cohort of 142 patients with CKD,
elevated levels of FGF23 were associated with
severe coronary and aortic calcifications, being
thus considered an important VC marker in
CKD patients.?® Despite these known data, the
mechanisms by which FGF23 promotes VC are not
exactly clear to the present.”’

CELL DEATH AND VASCULAR CALCIFICATION

The smooth muscle cell apoptosis is another mecha-
nism that initiated VC, triggered by the interaction
of these cells with inflammatory cells, which express
surface death ligands or secrete proapoptotic cytoki-
nes such as, for example, tumor necrosis factor alpha.
The apoptotic bodies of these cells are similar to the
matrix vesicles in cells of the long bone epiphysis
cartilage that are part of the physiological process of
skeletal ossification.*® Reynolds et al.>' evaluated cell
cultures of human aortas and found that high levels
of calcium and phosphorus, such as in CKD, substan-
tially increased the calcium-phosphate-nucleation-in-
duced calcification of live smooth muscle cells matrix
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vesicles and also in the apoptotic bodies of dead cells.
They also observed that when these cells were expo-
sed to non-uremic human serum containing MGP and
fetuin A, calcification was inhibited.

ARTERIAL INJURY DIAGNOSIS

There are invasive methods for atherosclerosis
imaging diagnosis, such as coronary angiography
and intravascular ultrasound; and non-invasive
methods such as ultrasound, multidetector computed
tomography (CT), MRI and scintigraphy.’ In order
to investigate calcified vascular lesions, especially
coronary lesions, the gold standard test is cardiac
CT by electron beam, or the multislice heart CT.3
However, both techniques are expensive, require
substantial doses of radiation and cannot be easily
performed in an outpatient basis.** The Kauppila
and Adragio methods have been used for VC
radiographic assessment.

Moldovan et al.** found a significant relationship
between the presence of radiological signs of BMD
and VC when they used plain radiographs to assess a
cohort of 81 patients on dialysis. In this study, BMD
patients had a higher Adragio score.

London et al.*® compared histomorphometric
data, obtained by bone biopsy and CV evaluated by
ultrasound and found an association of these and low
bone remodeling disease.

KDIGO study group, in its practical clinical guide
to diagnosis, evaluation, prevention and treatment of
BMD in CKD, suggests plain radiography in lateral
view of the lumbar spine is a reasonable alternative to
CT for VC evaluation.’”

MEeTHOD KAUPPILA

Kauppila et al.’® developed a classification index
for the location, severity and progression of AAC
(Abdominal Aortic Calcification), assessed by plain
radiography on a lateral view of the lumbar spine,
evaluating 617 individuals from the Framingham
study with a 25-year follow-up. Subsequently, they
investigated the association between this index and
cardiovascular disorders in 2515 Framingham Study
participants followed up for more than 20 years.
They concluded from this study that the AAC inves-
tigated by means of lumbar lateral view is a subcli-
nical marker of atherosclerosis and an independent
predictor of subsequent cardiovascular morbidity and
mortality.®’
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Honkanen et al.** used this method to investigate
AAC in 913 patients on dialysis. They found calci-
fications in 81% of the individuals surveyed and a
significant direct relationship with dialysis duration.

Bellasi et al.>* compared the Kauppila et al. method
using the lateral view spine radiography with the CT
scan - considered the gold standard, and they found
very good correlation between the two methods in the
evaluation of coronary calcification.

Since abdominal aortic calcification (AAC) corre-
lates with calcification in other sites, such as the coro-
nary arteries, and it has been shown to be significant
in predicting cardiovascular events and mortality, this
inexpensive and easy to perform method can be a
useful alternative to the CT techniques used in CKD
patients.*’

ADRAGAO METHOD

Adragio et al.*' developed a grading system which
they termed Simple Vascular Calcification Score, ba-
sed on plain radiographs of the hands and pelvis. They
assessed such score in 123 patients on dialysis during
a time interval of 37 months, finding a VC incidence
of 61% in some of these sites. They Compared their
data with cardiovascular mortality, hospitalization
for cardiovascular causes, vascular disease diagnosis,
fatal and nonfatal cardiovascular events, and they
found a frequent association between these and a
score greater than 3.

Insofar as we are concerned, there are no reports
of comparative studies between the Adragdo method
and the coronary CT, which could provide important
insight into methods which are less expensive and free
of risks associated with radiological contrast in the
evaluation of peripheral VC - coronary VC predictors,
in the assessment of cardiovascular risk.

FINAL REMARKS

Being VC a prevalent consequence of CKD and an im-
portant cause of morbidity and mortality in patients
on dialysis, the search for an assessment method
that is fast, simple, inexpensive and easily applied in
routine treatment of chronic renal failure patients on
dialysis, but proven safe and effective, remains the
objective of research on this subject.

Understanding the link between BMD and VC
will certainly bring new perspectives to address these
disorders and thereby reduce cardiovascular risk in
advanced CKD patients.
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